Purpose To characterize the pharmacokinetic (PK) and pharmacodynamic (PD) properties of a monoclonal antibody directed against the B-cell activating factor (BAFF) receptor 3 (BR3), following intravenous (IV) and subcutaneous (SC) administration in mice. Methods Single IV doses of 0.2, 2.0 and 20 mg/kg and a single SC injection of 20 mg/kg of anti-BR3 antibody was administered to mice. Serum drug and BAFF concentrations and splenic B-cell concentrations were measured at various time points. Pooled PK profiles were described by a two-compartmental model with time-dependent nonlinear elimination, and BAFF profiles were defined by an indirect response model. Fractional receptor occupancy served as the driving function for a competitive reversible antagonism model to characterize B-cell dynamics. Results Noncompartmental analysis revealed a decrease in drug clearance (31.3 to 7.93 mL/day/kg) with increasing IV doses. The SC dose exhibited slow absorption (T max 02 days) and complete bioavailability. All doses resulted in a dosedependent increase in BAFF concentrations and decrease in B-cell counts. The proposed model reasonably captured complex PK/PD profiles of anti-BR3 antibody after IV and SC administration. Conclusions A mechanistic model was developed that describes the reversible competition between anti-BR3 antibody and BAFF for BR3 receptors and its influence on B-cell pharmacodynamics.
INTRODUCTION
Therapies targeting B cells are currently in clinical development for a variety of autoimmune diseases and hematological malignancies. Rituximab, an anti-CD20 monoclonal antibody (Genentech, South San Francisco, CA; Biogen-IDEC, Cambridge, MA; Roche, Basel, Switzerland) effectively produces B cell depletion through antigen-dependent cell-mediated cytotoxicity (ADCC), complement-mediated cytotoxicity (CDC) and apoptosis. Success of this drug in the treatment of non-Hodgkin's lymphoma has given impetus to investigation of novel targets directed towards B cell depletion (1) (2) (3) (4) (5) .
A key component for the survival of mature B cells is B cell activating factor (BAFF), a protein belonging to the tumor necrosis factor (TNF) family. BAFF binds to three receptors of the TNF family, BR3 (BAFF receptor 3), TACI (transmembrane activator and calcium modulator and cyclophylin ligand interactor) and BCMA (B cell maturation antigen) (1, 6) . Among these, the BAFF/BR3 interaction is most critical for survival signaling in B cells by upregulation of anti-apoptotic molecules (7, 8) . BAFF and BR3 knockout mice show significant loss in peripheral B cells while overexpression of BAFF leads to symptoms associated with autoimmune diseases. Increased levels of BAFF is observed in patients with rheumatoid arthritis, Sjorgen syndrome and systemic lupus erythematosus (6) (7) (8) (9) (10) . BAFF also promotes B cell metabolic fitness and prepares them for antigen-induced proliferation (11) . Thus, strategies for blocking BAFF are currently under investigation. Belimumab (LymphoStat-B; Human Genome Sciences, Rockville, MD) a monoclonal antibody and BR3-Fc (Genentech, South San Francisco, CA; Biogen-IDEC, Cambridge, MA), a fusion protein that binds to BAFF, block the BAFF-BR3 signaling pathway and have shown promising results in non-human primates (12, 13) .
Antibodies directed against the BR3 receptor are being developed that utilize a dual mechanism of action for B cell depletion. These antibodies bind to the BR3 receptor with high affinity and block BAFF/BR3 binding, thus inhibiting the BR3 survival signaling pathway. In addition to this competitive reversible antagonism, antibodies are also engineered to induce cell killing via Fc-mediated cytotoxicity, thereby incorporating the features of both anti-CD20 antibodies and BR3-Fc proteins in one compound. Mice treated with such antibodies show significantly larger B cell depletion in certain subsets and qualitatively distinct outcomes compared to BR3-Fc or anti-CD20 treated mice (14, 15) .
The PK/PD analyses of anti-BR3 antibody using quantitative modeling approaches have not been reported. The purpose of this study is to characterize the pharmacokinetics of an anti-BR3 antibody over a range of dose levels in mice. The time course of BAFF is characterized using an indirect response model. A mechanistic competitive reversible antagonism model that simultaneously utilizes the drug and BAFF concentrations is developed to characterize the time course of B cell dynamics.
MATERIALS AND METHODS

Study Design and Bioassay
Single IV doses of 0.2, 2.0 and 20 mg/kg and a single SC injection of 20 mg/kg of anti-BR3 antibody was administered to 4 groups of BALB/c mice. There were 12 animals each in the 0.2 and 2 mg/kg dose groups, and 18 animals each in the 20 mg/kg IV and SC dose groups. Blood samples for PK and BAFF analysis were collected at the following timepoints: 0.0833, 0.5, 2, 4, 8 and 24 h on day 1 and at 2, 4, 7, 10, 14, 17, 21, 28, 36, 56, 63, 73, 77, 85, 92 100, 109 and 119 days post-dose. A staggered sampling strategy was used such that each mouse was bled a total of 3 times, once each using retro-orbital eye bleeds, followed by a terminal bleed at necropsy. Balb/c mice were purchased from Charles River labs. All protocols were reviewed and approved by the Genentech IACUC committee, and all studies were conducted at Genentech.
The serum concentrations of anti-BR3 antibody and BAFF were determined using Enzyme Linked ImmunoSorbent Assay (ELISA). In brief, for the measurement of anti-BR3 antibody concentration, recombinant human BR3 extracellular domain (ECD) (Genentech) was coated on 96-well microplate plates and goat anti-human IgG conjugated to horseradish peroxidase (HRP) was used as the detection. The minimum dilution of serum samples was 1/100, and the standard curve range was 0.5−32 ng/mL. The minimum quantifiable concentration of anti-BR3 antibody was 75 ng/mL. To determine serum concentrations of BAFF, anti-recombinant human BAFF (rhBAFF) monoclonal antibody A (Genentech) was coated on 96-well microplate plates, and Biotin-conjugated anti-rhBAFF monoclonal antibody B (Genentech) and HRP-Streptavidin (Amdex; Amersham Pharmacia Biotech, Piscataway, NJ) were used as the detection. The minimum dilution of the serum sample was 1/20, and the standard curve range was 3.1−200 pg/mL. The minimum quantifiable concentration of BAFF was 100 pg/mL using rhBAFF as a relative standard. For both assays, three matrix controls containing low, middle, or high concentration of the analyte within the standard curve range were assessed for accuracy and precision during assay development. The overall percentage coefficient of variation (CV) of inter-and intra-assay precision was under 20% for the anti-BR3 antibody assay and under 30% for the BAFF assay. The accuracies of the anti-BR3 antibody and BAFF assays were within 80-120% and 70-130%, respectively. B cell counts in the spleen were measured at pre-dose, 0.5, 2, 4 and 24 h on day 1 and at 4, 7, 14, 21, 28, 36, 42, 49, 109 and 119 days post-dose. Spleens from three mice per time point per group were collected (terminal time points) and single-cell suspensions were prepared for B cell analysis. FACS analysis of total B cell (B220 + ) count was conducted on a FACSCalibur™ (Becton-Dickinson; Sunnyvale, CA) with flurochrome conjugated anti-mouse B220 antibody (13) .
PK/PD Model
A non-compartmental analysis was conducted to ascertain whether anti-BR3 antibody exhibited linear or non-linear pharmacokinetic properties and thereby aid the model building process. Several pharmacokinetic models were evaluated according to standard model fitting criteria, and the time-course of serum anti-BR3 antibody was ultimately characterized using a two-compartmental model with Michaelis-Menten kinetics (Fig. 1) . Drug in the central compartment undergoes linear distribution to a non-specific peripheral compartment and non-linear elimination, which was suggested by the non-compartmental analysis (see Results). The drug is directly administered into the central compartment with IV dosing, whereas it is absorbed from the subcutaneous injection site by a first-order rate process (k a ) with SC dosing. The equations used to describe the pharmacokinetics are as follows:
where A P and A T are the amounts of the drug in the central and peripheral compartments, V c is the volume of the central compartment, k pt and k tp are the first-order rates of distribution between the compartments, V max is the maximal zero-order elimination rate constant, and K m represents the affinity of the antibody for the target receptor. In(t) is 0 for IV dosing and equal to Fk a D sc exp(-k a t) for SC administration, where F is the bioavailability of the drug. V max is assumed to be a time dependent function for the lower doses (0.2 and 2.0 mg/kg):
where V max1 is the zero-order elimination rate constant at t00. It is assumed that the capacity increases with time and saturates at a value of V max1 + E max for longer times. The ET 50 is the time at which there is 50% of the maximal increase in capacity, and n is the Hill coefficient. This assumption was needed to characterize the pharmacokinetic data and could represent an increase in capacity due to receptor up-regulation. A time-dependent V max function was also applied for the highest dose, but it failed to improve model fitting criteria and also worsened model fitted profiles. Thus, for the highest dose, it was determined that the capacity remains constant at V max1 . The initial condition for Eq. 1 was set to 0 for SC and equal to the dose administered for IV dosing. The initial condition for Eq. 2 was set to 0 for both routes of administration. BAFF dynamics was described by a basic indirect response model ( Fig. 1) (16, 17) . This model assumes that anti-BR3 monoclonal antibody has an inhibitory action on the degradation rate of BAFF, possibly due to competitive inhibition of receptor mediated clearance of BAFF. The rate of change of BAFF over time was defined as:
where B is the concentration of BAFF in the serum, C P (0A p /V c ) is the free drug concentration in the central compartment, k syn is the apparent zero-order production rate of BAFF, k deg is the first-order rate constant of degradation or loss, I max is the maximal fractional extent of inhibition, and IC 50 is the drug concentration producing 50% of maximal inhibition. The initial condition for Eq. 4 was set to the steady state baseline value of BAFF (B SS ), which is the ratio of k syn and B-cell dynamics in the spleen was described by a competitive reversible antagonism model as both BAFF (agonist) and anti-BR3 (antagonist) bind reversibly to the alpha-BR3 receptor (Fig. 1) . Splenic B-cells were assumed to be more therapeutically relevant and utilized for modeling. B-cell data in the peripheral blood were found to be highly variable and not useful for model building purposes (data not shown). It is assumed that BAFF and drug compete for the same target site on the receptor. Such competitive antagonism can be described by a relation that was derived by Gaddum (18, 19) for rapid-binding, equilibrium conditions:
with ρ representing the fractional occupancy of the alpha-BR3 receptor by BAFF, and K B and K D are the apparent equilibrium dissociation constants of BAFF and the drug. The fractional occupancy is defined as the ratio of the concentrations of BAFF-BR3 receptor complex and the total BR3 receptors (free and bound), where the bound species would include the receptors bound to both BAFF and the drug. The Gaddum relation suggests that increasing concentrations of the drug would decrease receptor occupancy. The pharmacodynamic model assumes that the response is a function of receptor occupancy, and the rate of change of B-cells over time was defined as:
where N is number of B cells represented by absolute B220 counts, k in is the apparent zero-order production rate, and k out is the first-order rate constant of loss of B-cells. B220 is an isoform of CD45R with a molecular weight of 220 kDa and is an established surface marker predominantly found on B cells. This equation suggests a decrease in the receptor occupancy would result in a decrease in the production of B cells. The initial condition for Eq. 6 was set to the steady state baseline value of B-cells (N SS ).
Data Analysis
The two-compartmental model with Michaelis-Menten kinetics ( Fig. 1 ; Eqs. 1-3) was fitted to pooled anti-BR3 monoclonal antibody serum concentration-time profiles. The PK parameters to be estimated included:
, E max , and ET 50 . The bioavailability F was fixed to 1 based on the calculations from non-compartmental analysis. The value of the Hill coefficient (n) was also fixed to 5 to account for the sharp decline in concentrations as revealed by the lower two doses. The indirect response model ( Fig. 1 ; Eq. 4) was fitted to the pooled BAFF serum concentration-time profiles. The parameters that were estimated included k deg , I max , IC 50 , and Bss. The PK parameters were fixed in the model, and the production rate, k syn , was calculated to maintain steadystate baseline conditions ( k syn ¼ k deg B SS ). The molecular weight of BAFF was used in the calculation of receptor occupancy and to obtain BAFF concentration in molar units. All modeling was conducted in molar units and then output concentrations were converted to units of the analytical assay. The molecular weight of BAFF was measured to be 51 kDa (data not shown), which is in good agreement with reported values (20) (21) (22) .
The competitive reversible antagonism PD model ( Fig. 1 ; Eqs. 5-6) was fitted to the pooled spleen Bcell concentration-time profiles. The parameters k out , N ss , K B and K D were estimated, whereas the PK and the BAFF profiles were fixed. Similar to BAFF turnover, k in was calculated to maintain steady-state baseline con-
Þ . All fittings were performed using the ADAPT5 (betaversion) computer program (23) by the maximum likelihood estimation method. The variance model was defined as:
where VAR i is the variance of the i th data point, σ 1 and σ 2 are the variance parameters, and Y i is the model predicted concentration or response. Separate variance models were used by fixing σ 1 to 0.0001 and 0 for PK and PD data. The goodness of fit was assessed by system convergence, Akaike Information Criterion, Schwarz Criterion, examination of residuals, and visual inspection of the fitted curves.
RESULTS
Pharmacokinetics
Non-compartmental analysis of the mean pharmacokinetic data revealed a dose related decrease in the total clearance (CL) of the drug for increasing IV dose levels suggesting nonlinear disposition (Table I) . The steady state volume of distribution (V ss ) of the drug also showed a decrease with increasing dose, with V ss of the intermediate dose being atypically low. The terminal half-life and mean residence time (MRT) increases with dose. For SC dosing, the maximum plasma concentration (C max ) occurs at 2 days (T max ) post-dose. The drug exhibits complete bioavailability with a calculated apparent value of 1.28.
The pooled serum concentration-time profiles of anti-BR3 monoclonal antibody and fitted curves after three single IV doses and a single SC dose in mice are shown in Fig. 2 . The profiles show a polyexponential behavior and slow absorption for the SC dosing. The proposed two-compartmental model with Michaelis-Menten kinetics and a time dependent V max for the lower two doses characterized the plasma concentrations of the drug reasonably well. A time-dependent V max was needed to account for the sharp decline in plasma concentrations for the lower two doses. This could suggest an increased binding capacity due to receptor up-regulation. The final estimated parameters are listed in Table II and low CV% values were obtained. Initial estimates of k tp and k pt were similar, and the two rate constants were assumed to be the same to reduce the number of parameters in the model and increase the precision of the final estimated parameters. The estimated volume of the central compartment (0.0551 L/kg) is approximately equal to the plasma volume of mice. The bioavailability (F) was fixed to 1 in the model based on the non-compartmental analysis (NCA) results. The calculated apparent value of bioavailabilty from NCA is 1.28, and the reasonable fit of the final model to the data further supports the assumption of complete bioavailabilty. The value of the Hill coefficient (n) for the time-dependent V max function was fixed to 5 to reflect a sharp concentration-effect relationship based on preliminary runs where estimation of n resulted in large values and CV%. The model predicts the concentrationtime profiles reasonably well; however, even with the time dependent increase in V max , the concentrations were overpredicted for the 2.0 mg/kg dose in the terminal phase. An alternative model with a time-dependent decrease in V max for the highest dose level, instead of a time-dependent increase for the lower doses, was also tested. The model fits were comparable to the proposed model ( Figure S1 in supplementary materials). These modeling efforts suggest either an up-regulation of the receptor for lower doses or receptor down-regulation for the highest dose level. Thus, it is difficult to distinguish between these two processes with the given data. Clearly additional experiments would be needed to test these hypotheses and understand the complicated pharmacokinetics of anti-BR3 monoclonal antibody. In the absence of further experimental evidence to support either process, the proposed PK model with a timedependent increase in V max for the lower doses was used for fitting the pharmacodynamic markers of anti-BR3 antibody exposure.
Pharmacodynamics
The time-course of the pooled concentrations of BAFF in serum, B-cells in spleen and their fitted curves after three single IV doses and a single SC dose in mice are shown in Fig. 3 . The overall BAFF profile shows an increase in concentration, which can be attributed to a decrease in receptor mediated clearance as a result of binding of the drug to BR3 receptors. This is followed by a smooth decline in concentrations to baseline as the drug is washed out from the system. The indirect response model reasonably captures the time-course of BAFF concentrations (Fig. 3a) , and low CV% values were obtained for the final estimated parameters (Table III) . There was significant variability in the data, and peak concentrations for the highest dose (IV and SC) were under predicted. The concentration is over predicted for the 0.2 and 2 mg/kg dose during the return phase which is reflective of the over prediction in the PK driving function.
The overall B-cell profiles show a decline due to the inhibition of BAFF-BR3 binding caused by the anti-BR3 antibody. A subsequent increase in B220 counts to baseline is observed as the antibody is cleared. The competitive reversible antagonism model describes the pharmacodynamic data reasonably well especially the 20 mg/kg IV and SC doses (Fig. 3b) . However, this model does not capture the apparent rebound phenomena observed only for the lower two dose levels in this study. Such rebound phenomena were not observed for similar studies conducted in monkeys and humans (data not shown). The final estimated parameters are listed in Table III , and low CV% values were obtained for all but one (K B ) of the fitted parameters.
One explanation for the high CV% for K B is that the concentration range for BAFF is relatively limited and may influence the ability to estimate the parameter reliably. The estimated value of the apparent equilibrium dissociation constant of BAFF (K B ) was 0.0603 nM and is consistent with an estimate (~0.1 nM) reported in the literature (24) . Similarly, the estimated apparent equilibrium dissociation constant of 2.72 nM for the anti-BR3 antibody (K D ) lies within the range of values (0.6-7.9 nM) obtained experimentally (14) .
The simulated occupancy of the BR3 receptor by BAFF shows a sharp decline in the receptor occupancy and subsequent return to baseline (Fig. 4) . A slight rebound phenomenon is observed for all four profiles, suggestive of increased occupancy due to elevated levels of BAFF in the serum which binds to the BR3 receptors after the drug is removed from the system. The model predicts the steady state baseline value of occupancy to be 0.318 implying that at steady state only 31.8% of the BR3 receptors are occupied by the agonist. The occupancy declines to approximately 0 (less than 1%) for the 2 and 20 mg/kg doses suggesting that all BAFF is displaced from the receptor by the antibody.
DISCUSSION
The primary objective of this study was to characterize the pharmacokinetic and pharmacodynamic profiles of anti-BR3 monoclonal antibody using a mechanism based model. To this end, the pharmacokinetics of the drug was described by a two compartmental model with non-linear elimination, and the concentration-time profiles of BAFF, the natural ligand of the BR3 receptors, were described by an indirect response model. A mechanism-based competitive reversible antagonism model was used to describe the time course of B cells in spleen (Fig. 1) . Considering the complexity of the preclinical profiles, this model adequately described the experimental data (Figs. 2 and 3 ). In addition, the PK/PD model not only describes the plasma concentrations of the antibody, but also its natural ligand, and subsequently translates both to occupancy of the pharmacological target in order to drive the pharmacodynamic response. This represents a fundamental approach to model the mechanism of action of antibodies and is not only pertinent to this study but might be for other antibodies as well. Abciximab competes with endogenous agonists like thrombin for the glycoprotein IIb/IIIa platelet-surface integrin that mediate platelet aggregation (25) . Similarly, Cetuximab competes with natural ligands for the epidermal growth factor receptors, thus inhibiting the downstream signals important for growth (26) . There are several other examples of antibodies where competitive reversible antagonism is critical (27) .
Noncompartmental analysis of the plasma concentration profiles of the anti-BR3 monoclonal antibody showed an apparent trend for decreasing clearance (CL) with increasing dose (Table I ). The observed relationship between dose and V ss is atypical with the intermediate dose having the lowest V ss . These nonlinear properties might be attributed to saturable binding with BR3 receptors. A time-dependent increase in V max for the lower dose levels was needed to account for the very sharp decline in the pharmacokinetic profile of the drug (Fig. 2) . Our preliminary modeling efforts with a time-invariant V max substantially over predicted the concentrations for the lower doses (data not shown). Considering the complexity of the non-linear PK profile, the proposed model adequately described the data. An alternative model that utilized a time-dependent decrease in V max for the highest dose provided comparable fits to the data ( Figure S1 ). Significant depletion of B cells for the highest dose could be partly attributed to the reduction in receptor capacity, as BR3 receptors are present on B cells. Thus, it is difficult to distinguish between such processes and to fully understand the complicated pharmacokinetic behavior of anti-BR3 antibody with the current data. Further experimentation is clearly needed to test these hypotheses. Another model permutation included a linear clearance term added to the proposed clearance model. However, parallel linear elimination failed to significantly improve model performance (data not shown). Thus for parsimony, the proposed model with only non-linear clearance was retained.
The concentration-time profiles of BAFF in the serum were adequately described by an indirect-response model with the drug inhibiting its degradation (Fig. 3a) indicative of a decline in receptor-mediated clearance of the BAFF-BR3 complex. Decrease in receptor mediated clearance has been reported as one of the possible mechanisms for an increase in serum BAFF concentrations in mice lacking B cells or in patients with depleted B cells after rituximab treatment (15, 28) . This is consistent with target-mediated disposition, and future models might be constructed based on such principles should additional receptor level dynamics become available (29, 30) .
The Gaddum equation (18, 19) was implemented to describe the time course of B-cell concentrations in the spleen (Fig. 3b) . It was assumed that the occupancy of the BR3 receptor stimulates the production of B cells (i.e., linear transduction of target occupancy). While there is no evidence that BAFF directly induces B cell proliferation, it is shown that BAFF promotes B cell metabolic fitness and prepares them for antigen-induced proliferation (11) . The proposed PD model described the data reasonably well. Inclusion of the Fcmediated cytotoxic effect in the model did not improve the model fitting criteria and reduced the precision of the estimated parameters (data not shown). Since it is known that BAFF promotes B cell survival by upregulating anti-apoptotic molecules (7), a pharmacodynamic model where the binding of the BAFF and BR3 receptor inhibits the loss of B cells was also conducted. In this model the turnover of B cells was described as dN dt = ¼ k in À k out N =ρ . While this model behaved similarly to the proposed model for the highest dose, it significantly under predicted the B cell concentrations for the lower dose levels. Our model focuses on splenic B cells as studies suggest that B cell response in lymphoid tissues better represents the cell population that should be targeted (i.e., slowly recirculating cells) for treating autoimmune diseases and hematologic neoplasms (13, 31) .
The proposed PD model can potentially predict a rebound in response which is evident from the rebound in the simulated profiles of receptor occupancy (Fig. 4) . This rebound suggests increased occupancy when BAFF at high concentrations binds to BR3 receptors as the drug is cleared. Such a rebound is likely to be pronounced in the response profiles for drugs with very high clearance relative to endogenous ligand turnover.
In summary, the current study is the first model-based examination of the pharmacokinetic and pharmacodynamic properties of an anti-BR3 monoclonal antibody. The complex non-linear disposition of the drug was adequately characterized using a model with time and concentration dependent non-linear clearance. Overall, the proposed pharmacodynamic model is mechanistic in nature reflecting alterations in cellular dynamics due to a reversible competition between the antibody and endogenous ligand for the pharmacological target.
